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METHOD OF MAKING GRANULAR 
SUPERCONDUCTORS 

CROSS REFERENCE TO RELATED APPLICA 
TlON 

This is a division of application Ser. No. 27,564 ?led 
Apr. 13, 1970, now Pat. No. 3,650,991. 

BACKGROUND OF THE INVENTION 

This invention relates to a method of forming a com 
posite superconductive body comprising a non 
superconductive matrixhaving a granular system of su 
perconductive material disposed within the pores of the 
matrix. The term “granular" as used herein refers to 
grains of superconductive material that are spatially 
separated but which are electrically connected by elec 
tron tunneling. In accordance with this invention the 
composite superconductive body can be formed in 
such a manner as to modify the electron tunneling bar 
riers between adajcent grains. 

It is well known that certain metals, alloys and com 
pounds go through a superconducting transition into a 
state in which the electrical resistance has a value of 
zero at temperatures approaching absolute zero. The 
transition temperature, T.,, is that temperature at which 
a superconductive material becomes superconducting. 
By subjecting a superconductive material to a magnetic 
field, the current induced therein will theoretically con 
tinue for an in?nite time, as long as the temperature of 
the material remains below T,., and the ?eld is below a 
critical ?eld, H,.. The critical ?eld is a function of Tc, 
and it becomes greater as T, decreases. 
Since superconductive devices such as magnetic 

coils, wires, circuits and the like usually encounter high 
magnetic ?elds during use, it is desirable that Hc be as 
high as possible. For obvious reasons, it is also desirable 
that 'l'c be high. In the manufacture and utilization of 
superconductive devices, the above aspects of the phe 
nomenon of superconductivity must be considered. For 
example, in producing superconductive magnetic coils, 
a superconductive material is selected which will pro 
vide a high critical ?eld. When such a coil is in use, the 
?eld to which the coil is subjected must remain below 
He. 
The particular physical form of the superconductor 

as well as the composition thereof has a large effect on 
the superconducting properties, especially the critical 
?eld. Some superconducting compounds exhibit a rela 
tively high critical ?eld due to the fact that such com 
pounds contain interconnected ?laments of supercon 
ducting material which can be likened to a sponge, the 
filaments of superconducting material being separated 
by non-superconducting metal. It is theorized that the 
amount of "frozen in" flux depends mainly on the pu 
rity of the superconductor, and the amount of "freezing 
in" increases with the addition of the non 
superconducting metal. Parts of a specimen become 
more easily superconductive when alloys are formed 
with a second component or with an impurity. It is 
thought that “rings" of superconductive material 
formed in these regions exhibit a higher critical ?eld 
and are responsible for the “freezing in." lf an appre 
ciable portion of the magnetic ?eld is trapped within 
the material the superconductor is called "hard.” This 
is distinguished from the case wherein the magnetic 
?eld is substantially all expelled, in which case the su 
perconductor is called “soft," a term which originally 
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2 
referred principally to the physical properties of the su— 
perconductive material. 
Various composite bodies of superconductive mate 

rial in a non'superconductive matrix have been made 
in an attempt to duplicate the properties of the above 
described alloy containing both superconductive and 
non-superconductive metals. in an early attempt to 
make improved superconductors, a plurality of glass 
capillaries were ?lled with mercury. The thinnest mer 
cury wires obtainable by this method had a radius of 
about 5 X 10-‘ centimeters. Another composite super 
conducting structure is taught in U. S. Pat. No. 
3,380,935 issued Apr. 30, 1968 to H. F. Ring. This pa 
tent teaches a metal and/or polymer matrix and a su 
perconductor material, in amounts of 20-90 percent by 
volume of the structure, which is in discontinuous ?ber 
form. A superconducting composite material is dis 
closed in U. 8. Pat. No. 3,447,913 issued June 3, 1969 
to G. B. Yntema. This composite material includes a 
superconductive matrix in which is embedded solid dis 
crete particles of a non-superconducting, non 
conducting material. 

Until the present invention, it had been thought that 
the ultimate in superconductive properties were ob 
tainable from superconductors in ?brous or ?lamen 
tary form. According to the theory of fibrous supercon 
ductors, if the ?bers are made thinner than the depth 
to which the magnetic flux can penetrate the supercon 
ductive material in bulk form, this ?brous supercon 
ductor will remain superconducting in the presence of 
magnetic ?elds exceeding the critical ?eld of the bulk 
superconductor material. This higher critical ?eld is 
throught to be due to a much deeper flux penetration 
in a ?brous superconductor. The critical ?eld of dis 
continuous fibers of some low melting point supercon 
ductors such as Pb and Pb alloys can be represented by 
the equation 

Ham = 3 d». U(r)/2 1r 6. d 

( l ) 
where t is the reduced temperature T/TC, ¢,, is 2 X 10 
" Gauss cm’, E a is the Bardeen, Cooper, Schrieffer co 
herence length and is dependent upon the particular 
superconductive material (for example, the coherence 
length of lead is 0.83 X 10" cm and that of indium is 
4.4 X lO‘i’cm), d is the average diameter of the super 
conductive ?laments, and the function U(t) is de?ned 
by 

(2) 
Here, :Mx) is the logarithmetic derivative of the I‘ func 
tion and 'y=e"= 1.781, C being Euler's constant. Equa 
tion (1) is only applicable to those granular networks 
having a suf?cient degree of interconnection between 
filaments. The distance between interconnections of 
?laments must be of the order of w/f, d or less. 

SUMMARY OF THE INVENTION 

It has been discovered that superconductive bodies 
including grains of superconductive material separated 
by tunneling barriers exhibit a critical ?eld which is 
greater than that of superconductive bodies having 
continuous superconductive ?laments by a factor 
which is related to the electron tunneling barrier be 
tween adjacent grains. For granular superconductors 
disposed within the pores of a non-superconductive po 
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rous matrix, a decreased coupling between grains re 
sults in a decrease in and a corresponding increase in 
critical ?eld, the expression for which becomes 

Ham = 3 a, umlz , a 

(3) 
where d is now the average grain diameter which is as 
sumed to be the same as the measured pore diameter 
and is an average of the transmission coefficient over 
the angle of incidence of an electron on the plane of the 
barrier, or stated in other terms, the probability that an 
electron arriving at a barrier between grains will pass 
through the barrier. The transmission coefficient can 
be obtained from the measured values of the critical 
?eld H,.,(T) and d as follows. The Universal function is 
?tted to the graph of critical ?eld Ht, vs. temperature, 
1-1,, being that ?eld at which superconductivity is 
quenched in the body of the sample. This allows a value 
of H,.,(O) to be obtained by extrapolation of the curve 
to 0°K, From the value of H¢,(O) can be obtained from 
equation (3) using the measured value of d. 
An object of the present invention is to provide a 

method of making a granular superconductor whereby 
the electron tunneling between adjacent grains can be 
changed, thereby changing the critical field of the re 
sultant superconductive body. 
Brie?y, the composite superconductive body made 

by the method ofthis invention comprises a matrix of 
porous glass, the average diameter of the pores being 
less than 200A. The pores of the matrix contain grains 
of superconductive material which are spatially sepa 
rated but which are electrically connected by electron 
tunneling. In accordance with this invention the super 
conductive body is made by immersing the matrix in a 
pool of molten superconductive material and applying 
hydrostatic pressure to the molten material whereby 
forcing the same into the pores of the porous glass ma 
trix. The pore size is so small that the superconductive 
material forms with said pores grains which are spa 
tially separated but electrically connected by electron 
tunneling. The superconductive material can be condi 
tioned so that the tunneling barriers between adjacent 
grains is modi?ed. Thereafter, the body so formed is 
frozen or cooled under pressure to at least room tem 
perature to cause the superconductive material to be 
retained in the porous glass matrix. Releasing the pres 
sure at any higher temperature produces a degradation 
of the resultant composite body. The requirement of 
cooling prior to releasing pressure is more important 
for smaller diameter pores. 

BRIEF DESCRIPTION OF THE DRAWING 

The sole FIGURE is a cross-section through a com 
posite superconductive body formed in accordance 
with the method of the present invention. 

DETAILED DESCRIPTION 

Referring to FIG. 1 there is shown a granular super 
conductor 10 including a matrix of porous silica in 
which are disposed grains of superconductive material. 
The porous silica matrix consists of particles 12 be 
tween which are interstices or pores in which small 
grains 14 of superconductive material are located. The 
heavy lines de?ning the outer surfaces of the grains 14 
are representative of tunneling barriers between grains. 
It is estimated that the distance across the particles of 
silica is about 100A, the size of the superconductive 
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4 
grains depending on the pore size and usually ranging 
from about 20A to 100A. 
The porous silica matrix is produced in an intermedi‘ 

ate step in the production of the high silica glass com 
monly referred to as 96 percent silica glass. it is usually 
made by acid leaching a phase-separated alkali 
borosilicate glass. The acid leaching step removes a sol 
uble boron-rich phase from the glass and leaves a high 
silica glass having a multitude of intercommunicating 
microscopic pores throughout. Typical porous glasses 
contain 96% SiO-,, 3% 8,0,, are small amounts of 
NagOg, A120,, and other oxides. One commercial form 
of porous glass has an internal surface area of approxi 
mately 250 square meters per gram and a pore diame 
ter of approximately 40A. The pore diameter can be 
controlled to some extent by varying the parameters of 
the phase separation step and can be increased by etch 
ing. The preparation of porous glass is disclosed in U.S. 
Pat. No. 2,lO6,744 to Hood and Nordberg. , 
The grains 14 are formed in the pores of the silica 

matrix by melting superconductive material, disposing 
the same adjacent the silica matrix and applying hydro~ 
static pressure, thereby forcing the molten supercon 
ductive material into the pores. Depending upon pore 
size, the molten superconductive material is subjected 
to a pressure of 50,000 psi to 100,000 psi. The resultant 
body is cooled to at least room temperature while pres 
sure is maintained. Inside the silica matrix the super~ 
conductive material forms into small grains which are 
slithgly separated spatially but are connected by elec 
tron tunneling. It is estimated that the superconductive 
grains which are generally less than 100A in diameter 
are separated by a few angstroms depending upon the 
particular metal used. The electrical coupling between 
grains and therefore the transmission coefficient de 
pend upon conditions existing at the time of impregna 
tion including whether the molten superconductive ma 
terial is exposed to air, the amount of absorbed gas in 
the molten material, and whether the porous silica ma 
trix is chemically treated prior to impregnation. If the 
pore diameter were a few hundred angstroms or more, 
adjacent grains would actually touch, and therefore, 
the transmission coefficient would be high and the criti 
cal ?eld would be low. At some larger pore diameter, 
continuous metallic ?laments would form rather than 
strings of grains, the transmission coefficient would by 
unity, and the critical ?eld would then be determined 
by equation (1). 
Electron micrographs are consistent with this idea in 

that they show a granular system of superconductive 
material, but the actual details of the relationship be 
tween adjacent grains is not revealed due to lack of res 
olution. There are various factors which indicate that 
these grains are spatially separated. The critical ?elds 
of superconductors in porous glass have been found to 
have the same temperature dependence as the critical 
?eld of a homogeneous dirty alloy. An effective mean 
free path for electrons in the normal state can be de 
duced, and it has been found to be proportional to the 
pore diameter but is much smaller. This is most easily 
explained if the superconductor consists of grains sepa 
rated by tunneling barriers, for this gives a mean free 
path equal to the grain size d multiplied by an average 
of the transmission coef?cient 1 of the barriers. This 
model can also give a plausible explanation of the large 
change in critical ?eld produced by chemical treatment 
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of the glass before impregnation with metal, a process 
which will be hereinafter described. 
Table 1 lists the values of critical ?eld HAO) and 

transmission coefficient r for various grain sizes of un 
treated indium, lead, tin and thallium in untreated po 
rous glass. The value 1-1,,(0) is used in Table l for com 
parison purposes. 

TABLE 1 

d(A) Haw) (kOe) 'r 
Indium 
A 31 69 0.042 
B 53 40 0.041 
K 60 39 0.036 
indium 
C H 29 0.04! 
D 80 29 0.036 
Lead 
E 32 96 0. l20 
F 58 55 0. I20 
Tin 
G 31 54 0| 1 
H 39 39 0.104 
Thalliun 
l 32 48 0.175 
.l 58 21 0.126 

The data shown in Table 1 indicates that the trans 
mission coe?'icient 1' is independent of grain diameter. 
For example, 1 is shown as ranging between 0.036 and 
0.042 for indium in untreated porous silica, there being 
no correlation between grain diameter and r in the 
range of values of d used. The values of -r for lead and 
tin are about 0. l , and for thallium about 0.2, indicating 
that grains of these latter mentioned materials are more 
strongly coupled than grains of indium. 
The values of 1 must depend on the details of the cou 

pling between the beads of metal. The shape of the 
beads and the contact therebetween must be controlled 
to a large degree by the energy of the metal-silica inter 
face. Therefore, if the chemical nature of the silica sur 
face were changed prior to impregnation with metal, a 
different value of 7 would be obtained. The inside, pore 
de?ning surface of normally prepared porous silica are 
covered with Ol-l-groups which can be removed or re 
placed. This treatment produces little change in the 
pore diameter or in the transistion temperature, but it 
changes the critical field. The critical ?eld can also be 
changed by adding modifying agents to the molten su 
perconductive material prior to the impregnation 
thereof into the porous silica. The critical ?elds of in 
dium, lead and lead-bismuth alloy in porous glass have 
been altered by modifying either the molten supercon 
ductor or the porous glass prior to impregnation. Fol 
lowing are examples wherein the critical ?eld has been 
changed by the above-mentioned methods. 
The critical fields of lead and lead-bismuth alloy in 

porous glass are increased by replacing the OH-groups 
on the pore surfaces of the glass with Cl-groups prior 
to impregnation. The inside surfaces of porous glass of 
the type described in the above-identified Hood and 
Nordberg patent are covered with OH-groups, the den 
sity of which is about 5 per l00(A)’. Most of these OH 
groups are replaced with Cl-groups by boiling the po 
rous glass for 24 hours under re?ux with sulfuryl chlo 
ride (S0,Cl) or heating the glass to 200°-300°C in 
S0,Cl vapor. The porous glass is then dried by heating 
it for a few hours in a vacuum furnance the tempera 
ture of which is between l50°C and 200°C. Porous 
glass treated in this manner was impregnated with lead 
and with lead-bismuth alloy, i.e., Pb-40% Bi. Whereas 
the critical ?eld of untreated porous glass impregnated 
with lead was 50 kOe, it increased 20 percent to 60 
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6 
kOe for lead in chlorinated glass, the measurements 
being taken at the same temperature. The extrapolated 
critical ?eld Haw) is 105 kOe for lead in untreated 
32A pore diameter glass, whereas for lead in chlori 
nated glass of the same pore diameter, HMO) is 120 
kOe. A similar test was conducted using the alloy Pb 
40% Bi in porous glass. The critical ?eld at 4.2‘K was 
107 kOe for untreated porous glass impregnated with 
this alloy and was 125 kOe for chlorinated glass. It ap 
pears that (O) the critical ?eld of lead-bismuth alloy in 
porous glass can ‘be increased by 10 to 15 percent by 
this chlorination process. When chlorinated porous 
glass was impregnated with molten indium, the critical 
?eld of the resultant granular superconductor was 50 
percent than that of indium in non-treated glass. 
The critical field of lead in porous glass was also in 

creased 20 percent by adding oxygen to the molten 
lead prior to impregnation. About equal amounts of 
lead and lead oxide (PbO) were mixed. Only that lead 
oxide which actually dissolved in the molten lead can 
enter the pores of the glass matrix and be effective to 
alter the boundaries between grains. In one particular 
example prepared in this manner, wherein the grain di 
ameter d was 32A, the transmission coefficient 'r was 
determined to be 0.08 rather than the usual 0.l for un 
treated lead in porous glass, the critical field being in 
creased by about 20 percent. The addition of powdered ‘ 
indium oxide (ln,0,,) to molten indium prior to the im 
pregnation of porous glass therewith caused a reduc 
tion in the critical ?eld in the resultant superconductor 
as compared with the critical field of untreated indium 
in porous glass. This can be attributed to an increase in 
the transmission coefficient by 40 percent for the 
treated indium superconductor. 
The critical field of indium was greatly shifted by 

bubbling hydrogen or oxygen through the molten metal 
for about 1 hour prior to impregnation. The increase in 
r and the corresponding decrease in critical ?eld can be 
seen in Table 2. 

TABLE 2 

Example d(A) l-ld(0)(kOe) 1' Treatment 
N 32 48.4 0.058 H, 
O 32 62.4 0.045 O, 
A 3l 69 0.042 none 

As indicated by Table 2, samples N and 0 were pre 
pared by bubbling hydrogen and oxygen, respectively, 
through molten indium prior to impregnation. The crit 
ical ?eld of an indium impregnated porous glass super 
conductor was decreased about 30% by bubbling hy 
drogen through the molten indium prior to impregna 
tion and was decreased about 10 percent by similarly 
treating the indium with oxygen. Example A from 
Table l is also included in Table 2 for comparsion pur 
poses. Although the slightly smaller grain diameter of 
Example A would cause a slight increase in critical 
?eld, this example is still useful for illustrating the large 
change in critical ?eld caused by adding oxygen or hy 
drogen to the molten indium. 

1 claim: 
1. A method of forming a granular superconductor 

comprising 
providing a unitary porous matrix having a pore di 
ameter less than about 200A in diameter, 

immersing said matrix in a pool of molten supercon 
ductive material, 
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applying hydrostatic pressure to said molten material 
thereby forcing the same into the pores of said po 
rous glass matrix, the pore size being so small that 
said superconductive material forms within said 
pores grains which are spatially separated but elec 
trically connected by electron tunneling, 

conditioning said superconducting material so that 
the tunneling barriers between adjacent grains is 
modi?ed, 

freezing the body so formed under pressure to cause 
said superconductive material to be retained in said 
matrix, and removing said hydrostatic pressure. 

2. The method of claim 1 wherein said matrix is po 
rous glass and the step of conditioning said supercon 
ductive material comprises removing OH-groups from 
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8 
the surfaces of the pores of said porous glass prior to 
the step of immersing. 

3. The method of claim 2 wherein said OH-groups 
are removed by chlorinating said porous glass matrix. 

4. The method of claim 1 wherein the step of condi 
tioning said superconductive material comprises bub 
bling through said molten material a gas selected from 
the group consisting of oxygen and hydrogen prior to 
the step of immersing. ‘ 

5. The method of claim 1 wherein the step of condi 
tioning said superconductive material comprises mix 
ing a powdered oxide of said superconductive material 
with said molten material. 
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